Medium baseline reactor experiments (Double Chooz, Daya Bay and RENO) provide a unique opportunity to test the presence of light sterile neutrinos. We analyze the data of these experiments in the search of sterile neutrinos and also test the robustness of θ 13 determination in the presence of sterile neutrinos. We show that existence of a light sterile neutrino state improves the fit to these data moderately. We also show that the measured value of θ 13 by these experiments is reliable even in the presence of sterile neutrinos, and the reliability owes significantly to the Daya Bay and RENO data. From the combined analysis of the data of these experiments we constrain the mixing of a sterile neutrino with ∆m 2 41 ∼ (10 −3 − 10 −1 ) eV 2 to sin 2 2θ 14 0.1 at 95% C.L..
I. INTRODUCTION
Plenty of neutrino experiments performed in the last two decades confirmed that the three types of neutrinos in the Standard Model are massive particles, and the mass eigenstates (ν 1 , ν 2 , ν 3 ) do not coincide with the flavor eigenstates (ν e , ν µ , ν τ ) which enter into the charged current interactions. The mixing and flavor oscillation phenomena of neutrinos can be described by the mass-squared differences ∆m Chooz [2] , Daya Bay [3] and RENO [4] , with the best-fit value sin 2 θ 13 = 0.023.
Double Chooz, Daya Bay and RENO experiments with L/E ∼ (10 − 10
3 ) m/MeV, where
L and E are the baseline and neutrino energy respectively, are sensitive to ∆m 2 31 -induced flavor oscillation with the amplitude sin 2 2θ 13 . In fact, the measurement of the small mixing angle θ 13 in these experiments was achieved thanks to the highly controlled systematic errors and efficient background rejection down to ∼ 10% of signal. Thus, in principle, the data of these experiments can be also used to discover/constrain new physics in the neutrino sector.
The set up and baseline to energy ratio of Double Chooz, Daya Bay and RENO experiments make them sensitive to small admixture of a new sterile neutrino state with electron anti-neutrinos, with mass-squared difference ∼ (10 −3 − 10 −1 ) eV 2 . The existence of a sterile neutrino state with mass ∼ 1 eV, the so-called 3 + 1 model, was motivated by LSND [5] , MiniBooNE [6] and reactor anomalies [7] . Recent global analyses of data for 3 + 1 model can be found in [8, 9] . Also, several experiments have been proposed to check this scenario (see [10] and references therein; see also [11] ). However, from the phenomenological point of view, it is worthwhile to probe the existence of a light sterile neutrino, a model which we call it (3 + 1) light . In this regard, we perform a detailed analysis of Double Chooz, Daya Bay and RENO data for (3 + 1) light model. In this model, in addition to the θ 13 and ∆m 2 31 parameters, the active-sterile mixing parameters (θ 14 , ∆m 2 41 ) contribute toν e →ν e oscillation probability. We discuss the correlation among these parameters and the constraints that can be derived on them. Also, we discuss the robustness of θ 13 determination in the presence of the sterile neutrinos. We show that the reported value of θ 13 holds also in the presence of sterile neutrinos and the data of Daya Bay and RENO play a crucial role in this robustness.
The prospect of sterile neutrino search in medium baseline reactor experiments has been studied in a number of papers. The possibility to search for light sterile neutrinos in reactor experiments have been mentioned in [12] . In [13] , by calculating the sensitivity of Double Chooz to sterile neutrinos with ∆m 2 ∼ 1 eV 2 , in the 3 + 2 model, it has been concluded that with only far detector data the θ 13 angle can be confused with active-sterile neutrino mixing angles. In [14] the interplay between a sterile neutrino with ∆m Bay; with the conclusion that disentangling these parameters requires information about the positron recoil energy distortions. A simulation of medium baseline experiments in the search of light sterile neutrinos has been performed in [15] and the dependence of limits on systematic errors has been studied. Also, in [16] , the correlation of θ 13 with active-sterile mixing parameters has been studied with an emphasize on the reactor anomaly and its connection to the cosmological data. The effect of sterile neutrinos on θ 13 determination in both medium and long baseline experiments has been studied in [17] . In [18] the data of Daya
Bay and RENO has been analyzed in 3 + 1 framework; the obtained limits are consistent with the limits of this paper in the same range of ∆m 2 41 . Constraining the sterile neutrino scenario with the solar and KamLAND data has been studied in [19] which we will discuss it in section IV B. In this paper we extend the previous searches to ∆m and perform an analysis of the available data from the medium baseline experiments. We will show that due to the slight mismatch of data and 3ν prediction at Double Chooz at 
II. STANDARD ANALYSIS IN 3ν FRAMEWORK
In this section we reproduce the results of the medium baseline reactor experiments (Double Chooz [2] , Daya Bay [3] and RENO [4] ) in the 3ν framework. Due to the moderately short baseline of these experiments, the 12-induced oscillation can be ignored and theν e survival oscillation probability can be casted in the following form:
where L ∼ 1 km is the distance of the detector from the source, and E ∼ few MeV is the energy of the reactor neutrinos. As discussed in [2, 3] , in the extraction of θ 13 value the effect of uncertainty in the value of ∆m 2 31 is quite small and we fix it to the best-fit value 2.32 × 10 −3 eV 2 measured by MINOS experiment [20] .
The detection of the reactor antineutrinos is through the Inverse Beta Decay (IBD)
process,ν e + p → e + + n. Neutrino energy can be reconstructed by measuring the prompt positron energy E ∼ E prompt + 0.78 MeV (neglecting the neutron recoil energy). Thus, by reconstructing the spectrum of the observedν e events, a fit of Eq.
(1) to the data can give information about the value of θ 13 . In the following we discuss each of these experiments in detail.
A. Double Chooz
The Double Chooz experiment has detected 8,249 candidates of electron antineutrino events with 33.71 GW.ton.years exposure using a 10.3 m 3 detector which is located at L = 1050 m far from the reactor cores. The total livetime of experiment is 227.93 days. The expected number of events in the case of no-oscillation (i.e., θ 13 = 0) are 8,937 (including background events). From a rate plus spectral shape analysis they found sin 2 2θ 13 = 0.109 ± 0.055, which excludes the no-oscillation hypothesis at 99.8% C.L. (2.9 σ) [2] .
To reproduce the results of Double Chooz we follow the method described in [2] . The numbers of expected events without oscillation, background events and observed events in each bin of energy is published in [2] . The expected number of events for θ 13 = 0 in the i-th bin of energy can be calculated by To analyze the data of Double Chooz we define the following χ 2 function
where i runs over the 36 bins of energy (18 for each period of data-taking); N to the reported 2.9σ C.L. in [2] ). Our 1σ range of mixing parameter sin 2 2θ 13 from Double
Chooz is given in the first row of Table I , which is similar to the range reported by Double
Chooz collaboration. Also, in Fig. 1 we compare the best-fit energy spectrum of events from our analysis in the 3ν framework (including the background events) with Double Chooz data and the spectrum for θ 13 = 0, for each integration period. The contribution of the background events is ∼ 15 events in the first couple of energy bins and reduces to ∼ 5 events for higher energy bins. The left and right panels of Fig. 1 are for the cases where both reactors are on and one reactor runs with less than 20% of power; which clearly the former plays the main role in the analysis due to the higher statistics. The preference to the nonzero θ 13 can be easily recognized by comparing the red solid curve for the best-fit value of θ 13 with the blue dashed curve which shows the distribution for vanishing θ 13 .
B. Daya Bay
The Daya Bay reactor neutrino experiment measured the best-fit value sin 2 2θ 13 = 0.092, excluding the zero value at 5.2σ C.L. [3] . 
where i = 1, . . . , 6. Using R i s and the number of observed IBD candidates in each AD (given in Table II of [3] ), the expected number of events without oscillation can be calculated by:
The averaged oscillation probability for each AD of Daya Bay can be written as (see [16] )
where d i is the weighted distance of the i-th AD from the reactors ( 
We analyze the Daya Bay data by defining the following χ 2 function (which includes only the rate information):
where N Table II of [3] . The parameter accommodates the uncorrelated flux normalization uncertainty which we marginalize without any pull term compensation. All the values used in χ 2 DB function of Eq. (7) are listed in Table II of [3] .
After minimizing χ 2 DB with respect to all parameters, we find the best-fit value of the mixing parameter sin 2 2θ 13 = 0.091, which is consistent with the Daya Bay result. The χ 2 value and 1σ range of sin 2 2θ 13 are shown in the second row of Table I .
C. RENO
The RENO experiment observed disappearance of reactorν e with 4.9σ of significance. In 229 days of data-taking period, the number of observed neutrinos at far (near) detector is 17,102 (154,088). The ratio of the number of observed neutrinos to the number of expected neutrinos (for θ 13 = 0) is R = 0.920. From this deficit, RENO collaboration obtained sin 2 2θ 13 = 0.113, based on a rate-only analysis [4] .
The RENO experiment consists of two detectors, near and far, detectingν e emission form 6 reactors. The average distance of the near (far) detector from the center of reactor array is 294 m (1383 m). The details of the experiment can be found at [4] . The analysis of RENO is similar to the analysis of Daya Bay. Following the method described in [16] , we calculate the averaged survival probability of neutrinos in i-th detector (i = near,far) in the following way:
where f ij is the fraction of antineutrino flux at the i-th detector coming from the j-th reactor,
given in Table 1 of [4] ; d ij is the weighted distance of the i-th detector from the j-th reactor and ρ j is the fractional energy distribution of neutrinos emitted from the j-th reactor. Using the ratio of observed to expected number of events (as defined in Eq. (4)) from the bottom panel of figure 3 in [4] , the expected number of events without oscillation can be derived.
The expected number of events including oscillation can be calculated form Eq. (6). We use the same χ 2 function defined by the collaboration [4] : are the background uncertainties at near (far) detectors (listed in Table I of [4] ). The corresponding pull parameters are respectively f r , ξ i and b i .
Minimizing χ 2 RENO of Eq. (9) with respect to all the pull parameters, we find the best-fit value sin 2 2θ 13 = 0.110, which is consistent with the RENO result reported in [4] . The summary of all our results about RENO can be seen in the third row of Table I .
In Fig. 2 we show ∆χ 2 ≡ χ 2 − χ 2 min versus sin 2 2θ 13 for the three discussed experiments.
Comparing our results with the results of the Double Chooz, Daya Bay and RENO collaborations in Table I show that: i) our best-fit values for sin 2 2θ 13 are fairly close to the reported values by collaborations; ii) our exclusion of θ 13 = 0 (quantified by δχ 2 ) and also 1σ allowed interval of sin 2 2θ 13 are compatible with the corresponding values reported by the collaborations. It worths to mention that the errors in the value of sin 2 2θ 13 obtained in our analyses are moderately smaller than the errors obtained by the collaborations (see Table I ). This can be due to some optimistic assumptions and/or lack of information about the systematics. However, the closeness of our best-fit values and fair matching of error intervals to the collaboration values, make our analysis viable. In the rest of this paper, we will use the data of these experiments to probe the existence of sterile neutrino state with mass-squared difference ∆m 2 ∼ (10 −3 − 10 −1 ) eV 2 .
III. FRAMEWORK OF LIGHT STERILE NEUTRINO: (3 + 1) light
Although the majority of data from the neutrino oscillation experiments can be inter- 1 eV 2 ) is neither excluded strongly nor planned to be explored substantially 1 .
In this paper we probe this possibility in the light of Double Chooz, Daya Bay and RENO published data. 
The mixing of these states can be described by generalizing the PMNS matrix to a 4 × 4 unitary matrix, U 4 , which can be parametrized by six mixing angles (we assume CPconservation in neutrino sector). Specifically, we adopt the following parametrization of U 4 :
1 The potential of upcoming reactor experiments with larger baseline to probe "super light" sterile neutrinos (∆m
10 −5 eV 2 ) is studied in [21] . we are considering in this paper, the distances of near and far detectors to the sources are a few hundred meters and ∼ 1 km, respectively; and the energy of neutrinos emitted from reactors is ∼ a few MeV. In this energy and baseline ranges the oscillation phase induced by ∆m 2 21 can be ignored and theν e survival probability is given by:
where L and E are the baseline and energy respectively. In terms of the parametrization of Eq. (11), the oscillation probability is 
In the analysis of (3 + 1) light scenario, we treat the θ 13 , θ 14 and ∆m 2 41 in Eq. (13) as free parameters and fix ∆m 2 31 to its best-fit value from MINOS experiment [20] . In Fig. 3 we show theν e survival probability for different values of sin 2 2θ 14 , sin 2 2θ 13 and ∆m (that is, nonzero ∆m 2 43 ), which leads to a shift of extrema positions in Fig. 3 , results in a better fit than the 3ν fit. Notice that varying θ 13 in the 3ν scheme leads to a change in the depth of minima while leaving the positions of minima unchanged. So, generally we expect to obtain better fits by extending the 3ν framework to 
where P i is the average of survival probability in Eq. (13) in the i-th energy bin.
Using the same χ Table I ). The main feature of the (3 + 1) light analysis with Double Chooz data is the significantly different bestfit value for sin 2 2θ 13 in Eq. (15) with respect to the 3ν best-fit value sin 2 2θ 13 = 0.115. In Fig. 4 for the right panel.
In the left and right panels of Fig. 5 Fig. 5a , with the Double Chooz data, zero value of sin 2 2θ 14 can be excluded by more than ∼ 2.2σ. Comparing Fig. 5a with the red curve in Fig. 2 shows that, as we anticipated, for Double Chooz data extending 3ν framework to (3 + 1) light , effectively corresponds to exchanging θ 13 with θ 14 . In Fig. 5b and 3c in this range of L/E shows that theν e survival probability decreases in (3 + 1) light model with respect to 3ν framework. Numerically, for the average of probability in this bin we obtain: P 3ν = 0.964 and P 3+1 = 0.883; where the ratio of these two (∼ 1.1) coincides with the ratio of red to blue dashed curves in Fig. 6a for the 7th bin of energy. Conversely, for the fifth bin of energy in Fig. 6a , we obtain P 3ν = 0.947 and P 3+1 = 0.966 which leads to an increase in the number of events in (3 + 1) light model and again better fit to data.
The same improvement occurs for the other neighbor energy bins which eventually leads to a better fit in (3 + 1) light model with ∆m ( 0.005 eV 2 ) also θ 13 = 0 is allowed at 3σ C.L. which is a consequence of θ 14 −θ 13 degeneracy mentioned in section III. On the other hand, in the same range of ∆m 2 41 larger values of sin 2 2θ 14 are allowed (see Fig. 7b ). At lower confidence levels, the closed allowed regions appear in both Figs. 7a and 7b for ∆m To summarize, extending the standard 3ν framework by adding one light sterile neutrino state improves the fit to Double Chooz data and weakens the lower limit on sin 2 2θ 13 such that the zero value is allowed at less than ∼ 1σ C.L.. Also, in (3 + 1) light model, the allowed region and the best-fit of sin 2 2θ 13 shift to smaller values. From Double Chooz data, the (3 + 1) light model is favored at ∼ 2.2σ C.L. with respect to 3ν framework. However, it should be noticed that even in the 3ν framework, the signal of nonzero sin 2 2θ 13 from the Double Chooz experiment is rather weak (2.9σ), and as we saw in section II, the inclusion of Daya Bay and RENO data significantly enhance the signal. In this regard, we perform a combined analysis of all data for (3 + 1) light model in the next section. 
as described in section II in Eqs. (3), (7) and (9) . After minimizing χ The 1σ range of 13-mixing angle is sin 2 2θ 13 = 0.074
−0.013 . As can be seen, inclusion of Daya Bay and RENO data increases the best-fit value of sin 2 2θ 13 , such that the zero value of θ 13 can be excluded by ∼ 4σ. The best-fit value of θ 13 and exclusion of θ 13 = 0 in the combined analysis of (3 + 1) light model is comparable with the case of 3ν framework, although a bit smaller (see Table I ).
• Fig. 8b shows χ • For the mass-squared difference ∆m 2 41 , the best-fit value of Double Chooz and combined analysis is the same (see Eqs. (15) and (17), see also Fig. 9 ). The best-fit value ∆m 2 41 = 0.027 eV 2 for combined analysis originates from the Double Chooz data for the same reason discussed in section IV A about Fig. 6 ; namely since the position of extrema inν e oscillation probability depends only on ∆m 2 41 value. It is straightforward to check that for mixing parameters of Eq. (17) Chooz data in (3 + 1) light holds to some extend in the range E prompt ∼ (3 − 4) MeV.
• In Figs. 10a and 10b we show the allowed region in (sin 2 2θ 13 , ∆m 1σ) . Also, the best-fit value of sin 2 2θ 13 is fairly close to the value in 3ν framework. Thus, the measured value of sin 2 2θ 13 is robust with respect to the existence of a light sterile neutrino; and the Daya Bay and RENO data play an important role in this robustness (compare Fig. 7a and 10a) . In both Figs. 10a and 10b a closed allowed region appears at ∆m 2 41 ∼ 0.027 eV 2 in low confidence levels which stem from the Double Chooz data. Particularly, in Fig. 10b the closed region indicates that θ 14 = 0 can be excluded at ∼ 68% C.L.; but, however, by increasing the significance the closed region transforms to upper limit and θ 14 = 0 is allowed.
• In Fig. 11 anti-correlation is a manifestation of θ 13 − θ 14 degeneracy discussed in section III.
The break of degeneracy in low confidence levels (red and blue curves in Fig. 11a ) is due to the mismatch of Double Chooz data and 3ν prediction in E ∼ (3 − 4) MeV which favors larger θ 14 . However, by including the Daya Bay and RENO data in Fig. 11b (with the advantage of making two independent measurements in near and far detectors of each experiment) the anti-correlation and degeneracy break and end up in two islands with the characteristic that both of them favor nonzero θ 13 . For the first island: sin 2 2θ 14 < sin 2 2θ 13 , while for the second one: sin 2 2θ 14 > sin 2 2θ 13 ; where the latter originates from Double Chooz contribution. In both panels of Fig. 11 the green dashed curve represents the limit from the solar and KamLAND data [19] .
• Finally we would mention that our results are robust with respect to the uncertainty in the value of ∆m 2 31 , since varying this parameters will change just the positions of the extrema in Fig. 3a while the improvement to the data requires additional extrema as in within their 1σ uncertainty ranges from the MINOS experiment [20] . The negligible change in our results justifies the initial assumption of fixed ∆m 
With the combined data the (3 + 1) light model is favored at ∼ 1.2σ C.L.. The value of θ 13 angle is close to the reported value in 3ν framework and so robustness of θ 13 determination can be claimed. The persisting θ 13 − θ 14 degeneracy in (3 + 1) light , which exists in the limit ∆m 2 41 → ∆m 2 31 , can be lifted mainly from the data of Daya Bay and RENO. Despite the preference for (3 + 1) light model, a large part of the parameter space of this model is excluded in our analysis, better than the other constraints by a factor of 2.
The planned near future data from these experiments can significantly exclude/strengthen the favored nonzero active-sterile mixing parameters found in this paper. Especially, the energy spectrum of data in Daya Bay and RENO experiments can decisively rule out/confirm it. Also, installation of near detector in the Double Chooz experiment can provide valuable information about the observed anomaly in E prompt ∼ (3 − 4) MeV, wether supporting it or contradicting it.
Note added 1: After completion of this work, the energy spectrum of Daya Bay data have been reported [22] . Interestingly, an anomalous behavior, similar to the Double Chooz data, in the energy range (3 − 4) MeV can be identified. However, a detailed analysis taking into account both Daya Bay and Double Chooz data is worthwhile.
Note added 2: Before submitting this paper, the article [23] appeared on arXiv with results close to the results in this paper. However, in [23] just the rate analysis of the Double Chooz data is considered and consequently the (3 − 4) MeV anomaly mentioned in this paper does not show up in [23] .
